Multiple occurrence or recurrence after transurethral resection is an important characteristic of superficial bladder tumors. To study bladder carcinogenesis, we focused on detection of telomerase activation, which was investigated in several human cancers, including bladder tumors. We experimentally examined the telomerase activity during bladder carcinogenesis, especially in precancerous lesions, induced by N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) in rats. Male Wistar rats were given 0.05% BBN in water from the age of 8 weeks to 24 weeks. Subgroups were euthanized at 4, 8, 10, 12, 18, and 24 weeks after BBN administration. Using the stretch PCR method, telomerase activity was semiquantified in exfoliated bladder epithelial cells. In addition, telomere length in each subgroup was measured by southern hybridization for the terminal restriction fragment using a (TTAGGG) 4 probe. Statistical analyses were performed using analysis of variance and Fisher's PLSD test. Epithelial cells of normal bladder in the control groups and those of diffuse hyperplasia, which was a reversible change at 4 weeks, expressed no telomerase activity. In contrast, telomerase activity significantly increased in the stage after nodular hyperplasia, an irreversible change at 8 weeks, then elevated with carcinogenesis. However, telomere length was still preserved by the 12th week, and was shortened at 18 and 24 weeks. These results suggest that telomerase activation is probably induced independent of telomere shortening during bladder carcinogenesis in the rat, and might be a biological tumor marker of irreversible preneoplastic lesions, which evolve into bladder tumors in the rat.
Telomerase is a ribonucleoprotein complex that synthesizes telomeric DNA and contributes to the maintenance of telomeres, which are composed of TTAGGG repeats located at the end of the chromosome and play a critical role in chromosome structure and function. 1) A certain length of telomere is important for cell division; normal somatic cells express very low or undetectable levels of telomerase activity, and progressively lose their telomeric sequence via cell division. Therefore, the activation of this enzyme has been proposed to be a critical event in the immortalization of the cell, and is characteristic of most cancer cells. It has been reported that 80 to 90% of bladder tumors express telomerase activity, 2) and that the detection of telomerase activity in bladder tumor tissues and/or in exfoliated tumor cells in urine is useful as a new diagnostic tool. 3, 4) To examine the critical point at which telomerase activation occurs in the course of bladder carcinogenesis, we measured telomerase activity in bladder epithelium during N-butyl-N-(4-hydroxybutyl)nitrosamine (BBN) carcinogenesis in the rat. BBN bladder carcinogenesis is thought to be a model for superficial bladder tumor. It has been well described that during bladder cancer development, diffuse hyperplasia at 4 weeks after BBN administration is a reversible change, whereas nodular hyperplasia at 8 weeks is an irreversible change toward cancer. 5) In this study, we aimed in particular to semi-quantify telomerase activity in reversible and irreversible preneoplastic epithelia, in order to detect the critical point of telomerase activation during bladder carcinogenesis. Furthermore, we reexamined whether detection of telomerase activity in exfoliated cells in a urine sample is useful as an early diagnosis for bladder tumors.
MATERIALS AND METHODS
Bladder carcinogenesis induced by BBN in rats A total of 150 male Wistar rats were given 0.05% BBN in water continuously from the age of 8 weeks. Subgroups, each of which consisted of 25 rats, were euthanized at 4, 8, 10, 12, 18, and 24 experimental weeks after BBN administration. Twenty-five rats in each subgroup of the control group (a total 175 rats comprised the control group) were euthanized under anesthesia at 0 experimental weeks and at the same weeks as the BBN subgroups (Fig. 1A) . To obtain a sufficient number of urothelial cells, samples from 5 to 10 rats were mixed together then analyzed. Histological examination Five rats in each subgroup were killed for histological examination. At 4 and 8 weeks after BBN administration, diffuse and nodular hyperplasia were observed without exception, respectively (Fig. 1, B and C). At 12 weeks, nodular hyperplasia was dominant, but transitional cell carcinoma (TCC) had not developed. At 18 weeks, small TCCs were already observed, and at 24 weeks, large tumors were observed in all rats (Fig. 1D) . Isolation of bladder epithelial cells To obtain transitional epithelial cells from the rat urinary bladder, we modified the technique used by Kakizoe et al. 6) We previously analyzed several combinations of trypsin and EDTA to determine the optimal conditions for isolating urothelial cells, without contaminating submucosal connective tissue, by histological evaluation (data not shown). Resected bladders were everted and incubated in RPMI1640 with 0.05% trypsin and 0.53 mM EDTA for 10 min at 37°C. Trypsinization was stopped with 10% fetal calf serum (final concentration), and the bladders were then sonicated at 28 kHz twice for 15 s in ice water. Exfoliated cells were collected by centrifugation at 1500 rpm for 10 min, then counted. Cells were washed with PBS, and cell pellets were frozen in liquid N 2 until use. Telomerase assay Bladder epithelial cells (10 5 ) from a mixture of samples from five to ten rats were resolved in 100 µl of 3-[(3-cholamidopropyl)dimethylammonio-1-propanesulfonate] (CHAPS) detergent buffer at 4°C, and 20 µl aliquots of the supernatants, which contained telomerase, were used for the telomerase assay using Telochaser (TOYOBO, Tokyo) according to the manufacturer's instructions. Stretch reaction using the extract was performed with an oligonucleotide up-stream primer, 5′-GTA AAA CGA CGG CCA GTT TGG GGT TGG GGT TGG GGT TG-3′, at 30°C for 60 min. Before PCR reaction, phenol/chloroform extraction and ethanol precipitation were performed to remove contaminants. PCR was then performed with the downstream primer 5′-CAG GAA ACA GCT ATG ACC CCT AAC CCT AAC CCT AAC CCT-3′ for 30 cycles of 94°C for 45", 60°C for 30", and 72°C for 45". PCR products were detected by 6% polyacrylamide gel electrophoresis followed by Vistra Green (Amersham, Little Chalfont, UK) staining using a BAS 5000 Image analyzer (Fuji Film, Tokyo). Semi-quantification of telomerase activity was done by comparison with the standard telomerase activity in serial dilutions of T24 human bladder tumor cell line, based on measurement of the density of the ladder bands using NIH image ver 1.61. mRNA detection of rat telomerase catalytic subunit (rTERT) using RT-PCR Total RNA was extracted from 10 6 exfoliated bladder cells, which were cumulatively collected from 5 rats by using TRizol (Gibco BRL, Grand Island, NY) according to the manufacturer's instructions. cDNA was generated by reverse transcriptase using 1 µg of the extracted RNA. Expression of rTERT was investigated using PCR with up-primer 5′-GAC ATG GAG AAC AAG CTG TTT GC-3′ and down-primer 5′-ACA GGG AAG TTC ACC ACT GTC-3′. 7) Single 185 bp PCR products were detected on 2% agarose gel electrophoresis with ethidium bromide staining. Expression of rTERT was evaluated by comparison of the results with those of normal controls at each experimental stage. Telomere length assay To analyze telomere length, we employed southern hybridization for terminal restriction fragments (TRFs) using a (TTAGGG) 4 probe. Genomic DNA was extracted from a mixture of exfoliated urothelial cells from ten rats. Five micrograms of DNA was digested Fig. 1 . Histological examination of normal rat urinary bladder shows 2 to 3 layers of transitional cell epithelium without nuclear atypia (A). At 4 weeks after BBN administration, bladder epithelium homogeneously thickens (diffuse hyperplasia) (B). In nodular hyperplasia at the 8th week following BBN administration, nodular hyperplastic lesions are observed in bladder epithelium (C). At 24 weeks, superficial bladder tumors without stromal invasion are microscopically observed in most rats (D).
using RsaI/HinfI enzyme mixture at 37°C for 12 h. TRF was resolved in 1% agarose gel by pulse field gel electrophoresis (PFGE) using a CHEF Mapper TM XA (Biorad, Hercules, CA) and transferred onto hybond N+ membrane. Hybridization was performed using a specific probe for the telomere sequence at 42°C overnight. Chemiluminescent detection was carried out using an ECL kit (Amersham) according to the manufacturer's instructions. The range of telomere length was estimated by comparison with a PFGE DNA marker using densitometry. Statistical analyses Differences in semi-quantified telomerase activity between the tumor groups and control groups were analyzed using analyses of variance and Fisher's PLSD test.
RESULTS

Histological findings during BBN carcinogenesis in rats
Control rat bladder mucosa consisted of 2 to 3 layers of transitional cell epithelium (Fig. 1A) . As stated in "Materials and Methods," at 4 and 8 weeks after BBN administration, diffuse hyperplasia (Fig. 1B) and nodular hyperplasia (Fig. 1C) , respectively, were histologically observed in rat bladder epithelia. After 18 weeks, superficial bladder tumor was histologically observed in most of the rats. At 24 weeks, all rats had macroscopic bladder tumors, and these tumors were histologically confirmed as transitional cell carcinoma (Fig. 1D) . Semi-quantification of telomerase activation during BBN bladder carcinogenesis Telomerase activity of exfoliated bladder epithelial cells was detected at the 8th week following BBN administration. At the 4th week, no telomerase activity of bladder epithelia was detected on the gel (Fig. 2) . No telomerase activity was detected until 4 weeks after BBN administration, whereas at 8 weeks, telomerase activity clearly increased in the epithelial cells showing irreversible nodular hyperplasia. The telomerase activities were semi-quantified by measuring the density of the ladder in comparison with that derived from single cells of T24 human bladder tumor cell line. When the telomerase activity of single T24 cells was set as 1.0, the relative telomerase activities (mean±SD) of single epithelial cells or single tumor cells of rat bladder were 0.023±0.007, 0.059±0.029, 0.176±0.030, 0.203±0.087, 0.270±0.047, 0.326±0.038, and 0.366±0.179 at 0, 4, 8, 10, 12, 18, and 24 weeks after BBN exposure, respectively. Semi-quantification of telomerase activity revealed a significant difference between telomerase activity at 4 weeks and that at 8 weeks (P=0.0284), and no difference between that at 0 weeks and 4 weeks (P=0.484). After this stage, telomerase activity increased with bladder carcinogenesis (Fig. 3) . Expression of rTERT mRNA using RT-PCR Specific primers for rTERT generated a single 185 bp band at a period later than 8 weeks after BBN administration (Fig.  4) . At the 4th week, no PCR product was observed, as was the case in the control group (Fig. 4) . Telomere-length shortening during BBN bladder carcinogenesis TRF measurement using southern hybridization revealed that telomere length was Shortened at a period later than the 18th week following BBN adminis-
Fig. 2. PCR-based telomerase assay of bladder epithelial cells in rat, in which telomerase activity is detected as the density of the ladder-like PCR products. Telomerase activity is not observed at the 4th experimental week (diffuse hyperplasia), but appears at the 8th week (nodular hyperplasia), and then increases along with carcinogenesis. Negative control assay shows no telomerase activity. TIG3: human fibroblastic cell line. Each lane shows the telomerase activity of bladder epithelial cells from five rats combined at the time of protein extraction. Fig. 3 . Semi-quantification of telomerase activity during rat bladder carcinogenesis indicates that a significant difference in telomerase activity is seen between diffuse and nodular (at 8th week) hyperplasia (P=0.0284). The telomerase activity in diffuse hyperplasia (at 4th week) is weak. The Y-axis is logarithmic, showing the relative telomerase activity of the samples as compared with that of T24 cell line. The X-axis shows standard telomerase activity using T24 cell line and telomerase activity of the sample at each experimental week. Bars indicate average telomerase activity in each group. tration ( Fig. 5) . At the 4th, 8th, and 12th weeks, telomere shortening did not seem to be remarkable in comparison to that in control groups.
DISCUSSION
Research on the association of telomerase with human cancer has expanded rapidly in recent years. The presence of telomerase activity has been detected in the vast majority of cancers, including bladder cancer. 4, [8] [9] [10] In human bladder cancer, more than 90% of the tumors express telomerase activity, independent of tumor stage. 11, 12) Moreover, this enzyme activity could be detected in exfoliated cells of bladder tumor in urine. 3, 4, 13) However, neither the point at which telomerase is activated during bladder carcinogenesis, nor the specific role of telomerase activation in tumor development has yet been clarified.
In the present study, telomerase activity was detected at a period beyond the 8th week following BBN administration, at which time nodular hyperplasia could be observed in the bladder, whereas at the stage of diffuse hyperplasia, observed at the 4th week, no telomerase activity was found. Several investigations have reported that precancerous tissues, such as that in dysplasia and atypical hyperplasia, express telomerase activity. [14] [15] [16] [17] Shroyer et al. 17) reported detection of telomerase activity in 30/30 and 12/ 13 of moderate and severe dysplasia in the uterine cervix, respectively. In their study, 56% of the reactive hyperplasia also expressed telomerase activity, which was not quantified. Yashima et al. 18) described heterogeneous expression of telomerase in carcinoma in situ of breast cancer, suggesting that semi-quantification might be useful to evaluate its activity in premalignant lesions. Similarly, in the present study, telomerase activity was observed in hyperplastic nodules of the liver, and it has also been observed in early neoplastic lesions of brain tumors during carcinogenesis in other animal models. 19, 20) Ito 5) reported that until 4 weeks after BBN administration, epithelial change (e.g., diffuse hyperplasia) was reversible when BBN administration was stopped. In contrast, nodular hyperplasia, which was observed at 8 weeks after administration, was thought to be irreversible because bladder cancer developed even in the absence of BBN administration. 5) Considering the correlation between the significance of premalignant change and the status of telomerase activation, it is suggested that telomerase activation could serve at least as a predictive marker of early neoplastic change, which might evolve into cancer and play a role in malignant progression.
Messenger RNA expression of the catalytic subunit of rat telomerase was also observed after the nodular hyperplasia stage. This corresponds to an elevation of telomerase activity and indicates that detection of rTERT might be useful for early diagnosis of irreversible precancerous lesions. The difference in the level of telomerase activity between precancerous nodular hyperplasia and bladder cancer may be based on either the difference in activity among cells or on heterogeneity in the cellular population which expresses telomerase.
In our study, significant telomere shortening was observed at a phase later than that of telomerase activation. Telomere shortening has been seen in many kinds of cancers simultaneously with telomerase activity, 21) largely because telomere shortening involves or is involved in genetic instability. Harley 22) suggested that telomere loss might be an obligatory step in the progression and immortalization of most cancers. Miura et al. 15) showed that telomere shortening may eventually lead to the reactivation of telomerase, which may then contribute to malignant conversion, based on clinical analysis of hepatocellular carcinogenesis. Although it has not been clearly established whether premalignant bladder lesions express telomerase activity, clinical investigation has shown that superficial bladder tumors usually exhibit strong telomerase activity and very short telomeres. 23) However, an in vitro study showed that bladder cancer cell lines expressed strong telomerase activity with long telomeres, which may, however, be an in vitro artifact. 24) In addition, prompt telomerase activation was observed in a chemical carcinogenesis model of the rat, 25) suggesting that telomerase might be activated at a phase earlier than that of telomere shortening. In view of our findings in this study, telomerase activation might be a primary event during BBN bladder carcinogenesis in the rat, and might lead to malignant conversion without frequent genetic alteration. Thus, telomerase activation in this model seemed to be induced directly by BBN. However, it has been reported that p53 alteration of the tumor in this model was more frequent than that in human superficial bladder tumor. 26, 27) Therefore, the correlation between p53 alteration and telomerase activation remains controversial, as noted previously. 20, 28, 29) On the other hand, Broccoli et al. 28) reported a lack of detectable telomere shortening during telomerase activation in mouse mammary tumors, which had very long telomeres like those in the rat. Hence, another possible explanation is that significant telomere shortening cannot be detected because of very long telomeres in the rat, the result of which is that genetic instability does not appear in the pre-neoplastic state. Further, contamination with exfoliated normal bladder epithelial cells with long telomeres might prevent detection of telomere shortening.
Superficial bladder cancers are usually treated by transurethral resection (TUR), and the urinary bladder can be preserved. However, this tumor has a strong tendency to recur, with multiple occurrences frequently observed. Intravesical recurrence or the multiple occurrence of bladder tumors can be considered to be a result of the seeding of tumor cells derived from a single progenitor cell, 30, 31) or the expression of independent neoplastic events (i.e., new second recurrence, so-called second primary cancer). 32) Hinotsu et al. 33) recently reported that the recurrence of superficial bladder tumor was typically observed at the early phase and late phase after TUR. Intravesical chemotherapy could prevent the early-phase recurrence after TUR, but not the late-phase recurrence, suggesting that the late-phase recurrence might be based on the second primary cancer. In the case of the latter type of recurrence, detection of telomerase activity might be a useful tool to predict intravesical recurrence during a longer follow-up period in patients with superficial bladder tumors, because of the expression of telomerase in precancerous lesions. Detection of telomerase reverse transcriptase mRNA on dysplastic or hyperplastic epithelium would be of great significance to the investigation of the early phase of cancerous lesions during bladder carcinogenesis. To determine the tissue localization of telomerase expression, RNA in situ hybridization or RT-PCR using extracted RNA from micro-dissected tissue on histological specimens might be useful in future studies.
